country by way of foreign exchange. The Indian coast is rich in rare earths such as ilmenite, rutile, leucoxene, zircon, garnet and sillimanite, and is invariably associated with radioactive monazite. Due to the nature of the separation processes involved and the manual handling, workers in these factories are continuously being exposed to suspended particles containing naturally occurring radioactive materials. An attempt was made to estimate DNA damage using a chromosome aberration assay to monitor radiation effects in workers of BSM industries in India. The study group comprised 27 BSM workers and 20 controls. Percentage yields of dicentrics, acentric fragments and chromatid breaks observed in the control group were 0.058 ± 0.017, 0.073 ± 0.03 and 0.22 ± 0.112, respectively. Percentage yields of dicentrics + centric rings, acentric fragments and chromatid breaks observed in the BSM group were 0.029 ± 0.01 (P value 0.19), 0.24 ± 0.06 (P value 0.006) and 0.455 ± 0.06 (P value 0.0004), respectively. Elevated levels of fragments and chromatid aberrations are suggestive of low-dose radiation effects and also chemically-induced DNA damage.
Introduction
Beach Sand Mining (BSM) of minerals such as ilmenite, rutile, leucoxene, zircon, garnet and sillimanite, etc., is a profitable industry in countries such as Australia, Vietnam and India. The highest concentration of Total Heavy Minerals (THM) in Indian beach sand is found in the Chavara deposit (70-80% THM with 60% TiO 2 ) and Manavalakurichi areas (60-80% THM with 50% TiO 2 ) (Babu et al., 2009) . Nevertheless, the beach sand on the Indian coast is invariably associated with radioactive thorium-bearing monazite. The measured natural radionuclide content of thorium in soil in India ranges from 14-160 Bq/Kg (UNSCEAR, 2008) . Among these heavy minerals, ilmenite is the largest constituent, followed by sillimanite and garnet. While thorium and rare earth elements from these beach sands are solely processed by Indian Rare Earths Ltd., a Government of India enterprise, garnet, ilmenite and sillimanite mining are licensed to private agencies. However, the separation process, though mechanical in nature, is mostly carried out by backyard processing methods in improvised sheds that lead to the generation of Radiological Safety Division, Indira Gandhi Centre for Atomic Research (IGCAR), Tamilnadu, particulate matter to which workers are exposed. These particles include NORM dust containing silica and heavy metal-bearing ilmenite, that may be inhaled and ingested.
The Atomic Energy Regulatory Board of India recommends routine monitoring of radiation levels in BSM workplaces using physical dosimeters. Nevertheless, personnel employed in these industries are not considered radiation workers as the doses received by them are estimated to be far below those likely to be received in the nuclear industries. Using physical dosimetry and computational methods, these workers were estimated to receive doses ranging from 2.3-6 mSv/year (Suresh et al., 2003; Haridasan et al., 2006) . Nevertheless, the health effects of gross exposure to radon, thoron progeny and suspended particles cannot be estimated by physical dosimetry.
The chromosome aberration assay is a proven method to measure DNA damage and also estimate doses in the absence of physical dosimeters, especially in cases involving real or suspected accidental exposures. In such situations, the study of early biological effects induced by exposure to ionizing radiation has been proposed as either a complementary or an alternative method for dose assessment (Ramalho and Nascimento, 1991; IAEA, 2001; Voisin et al., 2001) . Although biological dosimetry is not applied to determine internal contamination, biological responses aid in comprehending the significance of the dose measured, and subsequently the risks involved.
As no data exists on cytogenetic damage among BSM workers in India, the present investigation was undertaken. Chromosome aberrations were scored in blood lymphocytes of workers engaged in the BSM industries and compared with a control group to examine aberrations due to radiation and other mutagens in the work environment.
Materials and methods

Study group and sample collection
The study was conducted during April 2010 and the group comprised 27 permanent BSM employees (25 men and 2 women) engaged in quality control and administration. These employees had been working for 6-15 years (8 hours per day; 6 days per week) and their workplace was close to the processing area. Among these were 6 smokers; 2 of the smokers were also tobacco chewers. Most of the smokers were also light alcoholics (Tab. I). In the control group there were 20 apparently healthy men (6 smokers and 14 non-smokers), not engaged in processing plants or in radiation-related work. All smokers (in both groups) smoked less than 10 cigarettes per day for periods ranging between 12 and 20 years. None of the subjects in the control group were alcoholics (Tab. II). The control group and BSM workers belonged to the same ethnic group.
All the subjects were informed about the purpose and procedure of the study and they signed an informed consent form. They were also asked to fill out a detailed questionnaire to obtain information regarding age, personal habits, alcohol consumption, and frequency and period of smoking (details provided in Tab. I). (S-smoker, D-alcoholic, TC-tobacco chewer, dic-dicentric, ace-acentric fragments, chtb-chromatid break, r-centric ring).
Chromosome aberration assay
Blood samples were collected using heparinized vacuette tubes (Greiner Labortechnik, Austria) by venipuncture. About 1 ml of whole blood was added to 9 ml of RPMI 1640 containing 100 U/ml penicillin, 100 µg/ml streptomycin and 1 ml of fetal bovine serum (Himedia). Bromodeoxyuridine to a final concentration of 10 µM was added to the culture to differentiate first-division cells. Cultures were initiated by the addition of 5 µg/ml phytohemagglutinin (Gibco) and incubated for 48 hours in a 5% CO 2 atmosphere. At the 45th hour, colchicine (Sigma) to a final concentration of 0.04 µg/ml, was added to arrest cells at metaphase. Cultures were harvested at 48 hours and subjected to a hypotonic treatment of 0.56% KCl. Cells were washed and suspended in Carnoy's fixative and cast on microscope slides. The slides were stained with Hoechst for 10 minutes, washed with McIlvaine's buffer, mounted temporarily with a cover-slip, exposed to sunlight for 2 hours in humid conditions, washed with McIlvaine's buffer and stained with Giemsa. Metaphases were captured using an automated metaphase finder system (Metasystems, Germany). Individual, complete metaphases were carefully analyzed for aberrations and noted onto scoring sheets. The following aberrations were scored: dicentric (dic, a chromosome with two centromeres along with its associated fragment), acentric fragments (ace, a pair of broken portions of chromatid arms which may or may not be lying in the close vicinity of the original chromosomes), breaks (chtb, damage to a chromatid involving a discontinuity of the chromosomes greater than the width of the chromatid) and centric ring (r, a ringshaped chromosome resulting from an exchange between two breaks occurring on either side of the centromere).
Statistical methods
Statistical analyses were performed using the INSTAT software. The Tukey multiple comparison ANOVA test was used to compare aberrations between the groups. Statistically significant differences were tested at 1% and 5% levels. Correlation was calculated according to Spearman and the level of significance set at 95% (α = 0.05).
Results and discussion
The measurement of dicentric chromosomes in human peripheral blood lymphocytes is the internationally recommended golden standard for radiation biodosimetry as it is highly radiation-specific (IAEA, 2001).
The mean percentages of dic + r, ace and chtb observed from 27 BSM workers in 27661 cells were 0.029 ± 0.013, 0.24 ± 0.06 and 0.455 ± 0.061, respectively. The mean percentages of spontaneous dic, ace and chtb observed from 20 control donors in 14248 cells were 0.058 ± 0.017, 0.073 ± 0.03 and 0.22 ± 0.112, respectively. The mean percentages of dic + r, ace and chtd among the nonsmoking BSM worker group were 0.028 ± 0.015, 0.279 ± 0.075 and 0.414 ± 0.052, respectively. The mean percentages of dic + r, ace and chtd in the age-matched non-smoking control group were 0.045 ± 0.020, 0.019 ± 0.019 and 0.037 ± 0.026, respectively (Tab. III).
Reports on chromosome aberrations in workers employed in the mining industries have yielded valuable information to draw the attention of regulatory bodies worldwide (Padmala Reddy et al., 2000; Lloyd et al., 2001; Smerhovsky et al., 2002) . Underground miners are particularly exposed to complex mixtures of chemicals such as heavy metals, diesel emission particles and dust, many of which are known mutagens (Johnson, 1998; Keshava and Ong, 1999; Rojas et al., 1999; Scheepers et al., 2002; Donbak et al., 2005) .
Nevertheless, reports show varied results. Many indicate increased frequencies of chromosomal aberrations (Deknudt et al., 1973; Bauchinger et al., 1976; Lazutka et al., 1999; Keshava and Ong, 1999; Topaktas et al., 2002; Wolf et al., 2004) . However, Nordenson et al. (1982) failed to observe any significant increase in the frequency of chromosomal aberrations in lead miners. Maki-Paakanen et al. (1981) reported higher frequencies of chromosomal aberrations and sister chromatid exchanges (SCEs) only in smokers of workers exposed to lead in a smeltery. These reports largely attribute the elevated frequencies to occupational exposure to complex mixtures of genotoxic compounds such as heavy metals, diesel emission particles, organic solvents and mine dust.
Cytogenetic studies on occupational workers including miners exposed to Naturally Occurring Radioactive Materials (NORM) and those employed in nuclear fuel manufacturing also indicate elevated levels of chromosomal aberrations such as gaps, breaks, acentric fragments, exchanges, dicentrics and polyploids (Martin et al., 1991; Al-sabti et al., 1992; Kandar and Bahari, 1995; Prabhavathi et al., 2000; Dias et al., 2007) . Leonard et al. (1984) analyzed chromosome aberrations in 59 workers of coal-fueled power plants and 89 workers of nuclear power plants and reported a significant elevation in acentric fragments and dicentric chromosomes in both types of workers compared with the control group. These reports largely attribute the elevated frequencies to occupational exposure to low doses of ionizing radiation and smoking.
Reports show a significant association between smoking and stable aberrations (translocations and insertions) measured by the FISH technique, and also agerelated increases in dicentrics and acentric fragments (Ramsey et al., 1995; Tucker, 2008) . Pressl et al. (1999) observed an insignificant increase in FISH-detected translocations with smoking and also observed a strong association with age. Smoking is also known to induce chromatid breaks and fragments (Sinues et al., 1990; Bilban and Jakopin, 2005; Meenakshi and Mohankumar, 2012) . Hence, the data obtained in the present study was also analyzed after deleting the smokers (smokers, tobacco-chewers and alcoholics) from both the controls and the BSM group. Table III presents the analysis of this data. The Tukey multiple comparison test of aberrations (dic + r, ace and chtd) within the four groups (BSM smokers, BSM non-smokers, BSM controls and controls) showed significant increases in the percentages of ace and chtd but not in dic + r.
While fragments could have been produced by radiation-induced doublestrand breaks, chromatid aberrations are known to be biomarkers of exposure to chemicals (Anwar, 1997) and not normally considered to reflect exposure to radiation. However, a recent report indicates radiation induces chromatid aberrations (Tanaka et al., 2008; Tanaka and Kamada, 2009 ).
Interestingly, the extremely significant increase in the percentage of chromatid aberrations (0.414 ± 0.05) in non-smoker cells of BSM workers observed in the present study suggests that low doses of radiation are capable of inducing chromosome and chromatid types of aberrations. Many authors report elevated frequencies of chromatid breaks and fragments in radon-exposed miners and mice (Santa Maria et al., 2007; Elmagd et al., 2008) . Chromatid breaks and fragments were also observed in cells of workers engaged in nuclear medicine (Maffei et al., 2004; Kopjar and Garaj-Vrhovac, 2005; Ballardin et al., 2007) . Elevated levels of acentric fragments were observed in lymphocytes of nuclear workers exposed to low doses of radiation (Balakrishnan and Rao, 1999; Zakeri and Assaei, 2004) . Reports suggest that alpha radiation is capable of inducing sister chromatid exchanges and chromatid aberrations (Brenner and Sachs, 1994; Aghamohammadi et al., 1998; Bilban and Jakopin, 2005) . Thus, the enhanced levels of acentric fragments and chromatid breaks observed in the BSM workers could be attributed to exposure to low doses of ionizing radiation.
In order to look for any correlation between the working period and the aberrations, regression plots were generated. No correlation was observed for the dic + r or for the ace (data not shown). However, chromatid breaks showed a tendency to increase (p value 0.034) with the number of working years in the BSM industry (Fig.1 ). There are other reports which support the observations made in the present study. Donbak et al. (2005) reported significantly enhanced sister chromatid exchanges, and chromatid and chromosomal-type aberrations among coal miners with increase in occupational working years. Similarly, Celik et al. (2007) reported elevated frequencies of sister chromatid exchanges and micronuclei in coal-fired power plant workers over a period of time.
Although our sample population was small, the significantly elevated levels of acentric fragments and chromatid breaks in BSM workers as compared with the controls could be imputed to the occupational exposure to genotoxic compounds (such as heavy metals, silica, etc.) and also to the low doses of ionizing radiation from NORM present in the beach sands.
Conclusion
The results of this survey confirm the usefulness of the chromosome aberration assay for monitoring employees of the BSM industry. The present study indicates that elevated levels of chromosome and chromatid aberrations among BSM workers indicate exposure to NORM and mine dust. Biodosimetry can thus augment physical dosimetry and help monitor the health effects of both radioactive and other mutagens to which BSM workers may be exposed. Nevertheless, more studies on a larger group are required before recommendations can be made to regulatory authorities to consider those employed in BSM industries as radiation workers.
